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r. Basis of the pinion 

1 . This opinion has been drawn on the basis of {substitute sheets which have been furnished to the receiving Office 
in response to an invitation under Articie 14 are referred to in this opinion as "originaiiy fiied",): 

Description, pages: 

1-21 as originally filed 

Claims, No.: 

1-15 as originally filed 

Drawings, sheets: 

1/12-12/12 as originally filed 

2. With regard to the language, all the elements marked above were available or furnished to this Authority in the 
language in which the Intemational application was filed, unless otherwise indicated under this item. 

These elements were available or furnished to this Authority in the following language: , which Is: 

□ the language of a translation furnished for the purposes of the international search (under Rule 23.1 (b)). 

□ the language of publication of the international application (under Rule 48.3(b)). 

□ the language of a translation furnished for the purposes of international preliminary examination (under Rule 
55.2 and/or 55.3). 

3. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the 
international preliminary examination was carried out on the basis of the sequence listing: 

□ contained in the intemational application in written form. 

□ filed together with the international application in computer readable form. 

□ furnished subsequently to this Authority in written form. 

□ furnished subsequently to this Authority in computer readable form. 

□ The statement that the subsequently furnished written sequence listing does not go beyond the disclosure in 
the international application as filed has been furnished. 

□ The statement that the information recorded in computer readable form is identical to the written sequence 
listing has been furnished. 

4. The amendments have resulted in the cancellation of: 

□ the description, pages: 

□ the claims, Nos.: 
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□ 



the drawings, 



sheets: 



. 5. □ This report has been established as if (some of) the amendments had not been made, since they have been 
considered to go beyond the disclosure as filed (Rule 70.2(c)): 

(Any replacement sheet containing such amendments must be referred to under item 1 and annexed to this 
report.) 



6. Additional observations, if necessary: 



V. Reasoned statement under Rule 66.2(a)(ii) with regard to novelty, inventive step or industrialapplicability; 
citations and explanations supporting such statement 



2. Citations and explanations 
see separate sheet 



VII. Certain defects in the international application 

The following defects in the form or contents of the international application have been noted: 
se separate sheet 



1. Statement 
Novelty (N) 

Inventive step (IS) 

Industrial applicability (lA) 



Claims 1-3, 6, 7. 9-12, 14. 15 



Claims 4, 5, 13 



Claims 
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Re Item V 

Reasoned statement under Rule 66.2(a)(ii) with regard to novelty, inventive step 
or industrial applicability; citations and explanations supporting such statement 

1. Reference is made to the following document: 

D1: EP-A-0 51 1 651 (I VAC CORP) 4 November 1992 (1992-1 1-04) 

2. Apparatus claims 1-13 
2a. Claim 1 

The document D1 is regarded as being the closest prior art to the subject-matter 
of claim 1 . It discloses an apparatus for determining dielectric properties of an 
electrically conductive fluid (cf. column 2, lines 55-58; column 11, lines 30-38; 
figure 1 1 , curve 114) comprising 

an electromagnetically resonant cavity defined by an electrically conductive 
boundary (cf. column 4, lines 46-48); 

an inlet through which the fluid can be introduced into the cavity (cf. column 
4, lines 54-56); 

an insulating layer whereby the cavity boundary is electrically isolated from 
the fluid material within the cavity (poiyurethane tubing, cf. column 12, lines 13-15, 
and air gap between the cavity boundary and the tubing, cf. figure 1); 

an emitter antenna and associated drive electronics for emitting 
electromagnetic radiation to the cavity, the emitter antenna being electrically 
isolated from fluid material within the cavity (cf. column 5, lines 25-26; column 12, 
lines 13-15; air gap between antenna and tubing, figure 1); 

means for detecting resultant electromagnetic radiation within the cavity (cf. 
column 5, lines 26-29). 

Since all technical features of claim 1 are already disclosed in D1 , the subject- 
matter of claim 1 is not new in the sense of Article 33(2) PCT. 

2b. Claims 2-13 
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Claims 2 and 3: From colunnn 1 1 , lines 30-38 and figure 1 1 it Is clear that the 
device described in D1 operates at a continuous range of frequencies. 

Claims 4 and 5: It is an essential feature of the device described in D1 that the 
electrically conductive walls of the resonant cavity and the transmitter/receiver 
antennas are electrically isolated from the conductive fluid (cf. passages already 
cited under Item V.2a). In view of this teaching the features of claims 4 and 5 are 
considered to be within the normal range of design possibilities envisaged by the 
skilled person when confronted with the problem of electrically isolating the cavity 
walls and the antennas from the fluid. 

Claim 6: known from D1 (cf. column 4, lines 52-57) 

Claim 7: known from D1 (cf. column 5, lines 26-29; figure 1) 

Claim 8: The measurement of the voltage standing wave ratio does not appear to 
be disclosed or suggested by the available prior art. 

Claim 9: known from D1 (cf, column 2, lines 46-51) 

Claim 10: known from D1 (cf. column 8. lines 51-55) 

Claim 11: known from D1 (cf. column 3, lines 7-16) 

Claim 12: known from D1 (cf. column 3, lines 29-37) 

Claim 13: The use of neural networks in order to estimate a set of parameters 
from a set of measurements is common practice. 

3. Method claims 14 and 15 

Method claims 14 and 15 are directed to the use of the device according to claims 
1 -3 and are not considered to be new in the sense of Article 33(2) POT for 
reasons analogous to those already given for claims 1-3. 
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Re item VII 

Certain defects in the international application 

1 . In order to comply with the requirements of Rule 5.1 (a)(ii) PCT, the document D1 
should be identified in the description and the relevant background art disclosed 
therein should be briefly discussed. 

; If the Applicant is aware of a document reflecting the prior art which is described 
on page 3, line 9 - page 4, line 6, then the document should be identified in the 
description. 

2. It appears that the decimal points of the values on the ordinate of Figure 18 




should in fact be minus signs, since the phase delay varies between 0*" and -360*' 
(page 18, lines 3-4). 
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to all the elected Offices. 

3. Where required by any of the elected Offices, the International Bureau will prepare an English translation of the 
report (but not of any annexes) and will transmit such translation to those Offices. 
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The applicant must enter the national phase before each elected Office by performing certain acts (filing 
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FOR FURTHER ACTION 



Intemational application No. 
PCT/GBOO/00168 



Intemational filing date (day/month/year) 
24/01/2000 



Priority date (day/month/year) 
22/01/1999 



Intemational Patent Classification (IPC) or national classification and IPC 
G01N22/00 



Applicant 

THE UNIVERSITY OF LIVERPOOL ET AL 

1 . This international preliminary examination report has been prepared by this International Preliminary Examining Authority 
and is transmitted to the applicant according to Article 36. 

2. This REPORT consists of a total of 5 sheets, including this cover sheet. 

S This report is also accompanied by ANNEXES, i.e. sheets of the description, claims and/or drawings which have 
been amended and are the basis for this report and/or sheets containing rectifications made before this Authority 
(see Rule 70.16 and Section 607 of the Administrative Instructions under the PCT). 

These annexes consist of a total of 7 sheets. 



3. This report contains indications relating to the following items: 

I S Basis of the report 

II □ Priority 

III □ Non-establishment of opinion with regard to novelty, inventive step and Industrial applicability 

IV □ Lack of unity of invention 

V S Reasoned statement under Article 35(2) with regard to novelty, inventive step or industrial applicability; 

citations and explanations suporting such statement 

VI □ Certain documents cited 

VII S Certain defects in the international application 

VIII S Certain observations on the international application 
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1. Basis of the report 

1 . With regard to the elennents of the international application (Replacement sheets which have been furnished to 
the receiving Office in response to an invitation under Article 14 are referred to in this report as "originally filed" 
and are not annexed to this report since they do not contain amendments (Rules 70. 16 and 70. 1 7)): 
Description, pages: 

1-3,6-8,10-21 as originally filed 

4.5,9 as received on 27/03/2001 with letter of 20/03/2001 
Claims, No.: 

1-15 as received on 27/03/2001 with letter of 20/03/2001 
Drawings, sheets: 

1/1 2-1 1/1 2 as originally filed 

12/12 as received on 27/03/2001 with letter of 20/03/2001 

2. With regard to the language, all the elements marked above were available or furnished to this Authority in the 
language in which the intemational application was filed, unless otherwise indicated under this item. 

These elements were available or furnished to this Authority in the following language: , which is: 

□ the language of a translation furnished for the purposes of the international search (under Rule 23.1 (b)). 

□ the language of publication of the international application (under Rule 48.3(b)). 

□ the language of a translation furnished for the purposes of international preliminary examination (under Rule 
55.2 and/or 55.3). 

3. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the 
international preliminary examination was carried out on the basis of the sequence listing: 

□ contained in the international application in written form. 

□ filed together with the International application in computer readable form. 

□ furnished subsequently to this Authority in written form. 

□ fumished subsequently to this Authority in computer readable form. 

□ The statement that the subsequently furnished written sequence listing does not go beyond the disclosure in 
the international application as filed has been furnished. 

□ The statement that the information recorded in computer readable fonm is identical to the written sequence 
listing has been furnished. 
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4. The amendments have resulted In the cancellation of: 

□ the description, pages: 

□ the claims, Nos.: 

□ the drawings, sheets: 

5. □ This report has been established as if (some of) the amendments had not been made, since they have been 

considered to go beyond the disclosure as filed (Rule 70.2(c)): 

(Any replacement sheet containing such amendments must be referred to under item 1 and annexed to this 
report.) 



6. Additional observations, if necessary: 



V. Reasoned statement under Article 35(2) with regard to novelty, inventive step or industrial applicability; 
citations and explanations supporting such statement 

1. Statement 

Novelty (N) Yes: Claims 1-15 

No: Claims 

Inventive step (IS) Yes: Claims 1-15 

No: Claims 

Industrial applicability (lA) Yes: Claims 1-15 

No: Claims 



2. Citations and explanations 
see separate sheet 



VII. Certain defects in the international application 

The following defects in the form or contents of the intemational application have been noted: 
see separate sheet 



VIII. Certain observations on the international application 

The following observations on the clarity of the claims, description, and drawings or on the question whether the 
claims are fully supported by the description, are made: 
see separate sheet 
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Re Item V 

Reasoned statement under Article 35(2) with regard to novelty, inventive step or 
industrial applicability; citations and explanations supporting such statement 

1 . Apparatus claims 1-13 

1a. Independent claim 1 

Document 

D1 : EP-A-0 51 1 651 (IVAC CORP) 4 November 1 992 (1 992-1 1 -04) 
is regarded as being the closest prior art to the subject-matter of claim 1 . Using 
the terminology of claim 1, it discloses an apparatus for determining dielectric 
properties of an electrically conductive fluid (cf. column 2, lines 55-58; column 1 1 , 
lines 30-38; figure 11, curve 114) comprising 

an electromagnetically resonant cavity defined by an electrically conductive 
boundary wall (cf. column 4, lines 46-48); 

a fluid line for passing fluid through the cavity (cf. column 4, lines 54-56); 

said cavity boundary being electrically isolated from the fluid (fluid line 
consisting of polyurethane tubing, cf. column 12, lines 13-15, and air gap between 
the cavity boundary and the tubing, cf. figure 1); 

an emitter antenna and associated drive electronics for emitting 
electromagnetic radiation to the cavity, the emitter antenna being electrically 
isolated from the fluid (cf. column 5, lines 25-26; column 12, lines 13-15; air gap 
between antenna and tubing, figure 1); 

means for detecting resultant electromagnetic radiation within the cavity (cf. 
column 5, lines 26-29). 

The device according to claim 1 differs from this disclosure in that 

an electrically insulating layer is disposed on the electrically conductive 

boundary wall defining the interior wall of the resonant cavity; 

an inlet is provided for introducing the fluid into the interior of the cavity. 

Thus, in the device according to claim 1 the fluid completely fills the interior of the 
resonant cavity such that the dielectric loading of the cavity is entirely due to the 
fluid contained therein, whereas in D1 the fluid is confined to a fluid line passing 
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through the cavity. 

The problenn to be solved by the device according to claim 1 may therefore be 
seen in providing a resonant cavity sensor with increased sensitivity. 

The particular solution proposed in claim 1 is neither anticipated nor fairly 
suggested by the available prior art. The subject-matter of claim 1 therefore meets 
the requirements of the PCT with respect to novelty and inventive step (Articles 
33(2) and (3)). 

1b. Dependent claims 2-1 3 

Claims 2-13 are dependent on claim 1 and as such also meet the requirements of 
the PCT with respect to novelty and inventive step. 

2. Method claims 14 and 15 

Method claims 14 and 15 are directed to the use of the device according to claim 
1 for determining dielectric properties of an electrically conductive fluid and as 
such are also considered to meet the requirements of the PCT with respect to 
novelty and inventive step. 



Re Item VII 

Certain defects in the international application 

The features of the claims are not provided with reference signs placed in parentheses 
(Rule 6.2(b) PCT). 



Re Item Vlll 

Certain observations on the international application 

All features of claim 5 are already contained in claim 1 . The claims therefore lack 
conciseness (Article 6 PCT). 
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the cavity were largely fixed as a function of the (fixed) frequency used. 

Coupling of the microwave radiation into the cavity was achieved by an 
aerial, necessarily very large, which was itself e^qposed to the contents of the cavity 
- ie. to the flow. 

The device unfortunately proved unsatisfactory due to factors includmg the 
size and expense of the magnetron used and its fixed frequency. 

Despite these problems, it is recognised that measurement of the properties 
of the flow with regard to electromagnetic radiation is desirable since the properties 
of the three major constituents of the flow with regard to EM radiation are widely 
divergent, and hence easy to distinguish. This can be appreciated from the feet that 
the relative permittivity of the three constituents is approximately as follows: 

I. gas, er = 1; 

ii. crude oil, er = 2.2 (and this proves to be largely constant for all cmde 
oils, despite variations in its component fractions); 

iii. water, er = 81. 

The inventors have realised, and confirmed by experiment, that contrary to 
the hitherto conventional teaching, it is possible to efficiently couple radio and 
microwave radiation into a conductive medium within a resonant cavity provided 
that the cavity walls and the antenna used to output the radiation are electrically 
isolated from the medixmi itself. 

There is already known from EP-A-5 11651 a non-invasive, in-line fhiid 
monitor which includes a length of fluid pipe disposed such that it and the fluid 
within becomea part of the dielectric loading on an energised electromagnetic 
sensor device, A resonant closed cavity is used to encompass the length of fluid 
pipe and a process is used to compare changes in the resonant characteristics of the 
cavity to predetermined data to determine the properties' of the fluid. The cavity 
is in the form of an open, five walled box of an electrically conductive metal, such 
as copper or brass, having a separable metal lid forming a sixth side to achieve the 
closed cavity through which the fluid pipe passes. In this arrangement, therefore 
the fluid flow is confined to the fluid pipe. 
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la accordance with a first aspect of the present invention, there is an 
apparatus for determining an apparatus for determining dielectric properties of an 
electrically conductive liquid, comprising:- 

an electrically resonant cavity defined by an electrically conductive boundary 



an electrically insulating layer disposed on those parts of the electrically 
conductive boundary wall defining the interior wall of the cavity; 
an inlet through which the fluid can be introduced into the interior of the 
cavity, said electrically insulating layer isolating the fluid fix>m said 
electrically conductive boundary wall; 

an emitter anteima and associated drive electronics for emitting 
electromagnetic radiation to the cavity, the emitter antenna being electrically 
isolated firom fluid material within the cavity; and 

means for detecting resultant electromagnetic radiation within the cavity. 

E^^riments carried out by the inventors have confirmed that using such an 
arrangement measurements of dielectric properties can be made without the need 
for the high power provided by a magnetron. The arrangement can serve as a 
dielectric permittivity sensor. Dielectric properties at a radio and microwave 
firequencies can be measured. In prototype arrangements, a simple loop aerial 
driven by an electronic oscillator has proved adequate by virtue of the efficient 
propagation of radiation through the fluid material made possible by the 
arrangement. As compared with the previous magnetron apparatus, this makes 
possible great simplification and cost saving, as well as other benefits which will 
become clear below. 

The fluid in question may contain some solids, as typically does a flow of 
material in an oil extraction pipeline. 

With regard to the firequency of radiation emitted into the cavity, it is 
considered that the present invention is particularly applicable to radio and 
microwave frequencies. The frequency range used is in part determined by the 



wall; 
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In a preferred embodiment, the calculating means operates by calculating 
for a set of possible permutations of flow constituents the expected values of the 
measured properties and comparing these with the actual measured values to 
determine which permutation best matches the measured properties. 

The calculating means may comprise a neizral network, trained on 
experimental data, for determining expected quantities relating to the dielectric 
properties of the flow corresponding to the permutations of flow constituents. The 
quantities in question may be the frequencies of a selected resonant mode of the 
cavity. 

In accordance with a third aspect of the present invention, there is a method 
of determining dielectric properties of an electrically conductive fluid comprising 
the steps of disposing the fluid material in or passing tbc fluid through an apparatus 
in accordance with the first aspect of the invention, emitting electromagnetic 
radiation into the resonant cavity by means of the antenna which is electrically 
isolated from the fluid and detecting and analysing the resultant electromagnetic 
radiation within the resonant cavity. 

Preferably, the method comprises varying the frequency of the emitted 
electromagnetic radiation and obtaining an indication of the anq)litude of the 
resultant electromagnetic radiation within the resonant cavity. The frequency 
variation may be continuous. The results are preferably analysed to determine the 
position of at least one resonance peak within the cavity. 
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CLAIMS 

1. An apparatus for determining dielectric properties of an electrically 
conductive liquid, comprising:- 

an electrically resonant cavity defined by an electrically conductive boundary 
wall; 

an electrically insulating layer disposed on those parts of the electrically 
conductive boundary wall defining the interior wall of the cavity; 
an inlet through which the fluid can be introduced into the interior of the 
cavity, said electrically insulating layer isolating the fluid fix>m said 
electrically conductive boundary wall; 

an emitter antenna and associated drive electronics for emitting 
electromagnetic radiation to the cavity, the emitter antenna being electrically 
isolated fiiom fluid material within the cavity; and 

means for detecting resultant electromagnetic radiation within the cavity. 

2. An apparatus as claimed in claim 1 wherein the drive electronics are 
adapted to operate at a range of firequencies such that a range of firequencies of 
electromagnetic radiation can be emitted to the cavity. 

3. An apparatus as claimed in claim 2, wherein the fl-equency is 
continuously variable. 

4. An apparatus as claimed in any preceding claim, wherein the antenna 
for emitting electromagnetic radiation into the fluid material is disposed within the 
resonant cavity such as to project into the fluid material, the antenna being 
provided with an insulating layer by which is it electrically isolated from the fluid 
material 

5. An apparatus as claimed in any preceding claim, wherein the boimdary 
of the resonant cavity comprises a conductive wall whose inner surface is covered 
by said electrically insulating layer by which the wall is electrically isolated from 
the fluid material within the cavity. 

6. An apparatus as claimed in any preceding claim wherein the resonant 
cavity has an inlet and an outiet such that the fluid material can flow through the 
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cavity. 

7. An apparatus as claimed in any preceding claim wherein the means for 
detecting electromagnetic radiation within the cavity comprise a receiver antenna 
disposed within the resonant cavity and electrically isolated from the fluid material 
within the cavity. 

8. An apparatus as claimed in any of claims 1 to 6 wherein the means for 
detecting electromagnetic energy within the cavity con^)rise electronics connected 
to the emitter antenna for measuring the voltage standing wave ratio. 

9. A device for monitoring constituents of a fluid flow comprising an 
apparatus as claimed in any preceding claim. 

10. A device as claimed in claim 9, further con^rising measurement 
electronics for determining the frequency of a resonance peak corresponding to a 
selected resonant mode within the cavity. 

11. A device as claimed in claim 9 or claim 10, further con^rising means 
for measuring additional properties of the fluid flow and calculating means for 
determining, on flie basis of the measured properties, the proportions of certain 
constituents of the flow. 

12. A device as claimed in claim 11, wherein the calculating means 
operates by calculating for a set of possible permutations of flow constituents the 
expected values of the measured properties and comparing these with the actual 
measured values to determine which permutation best matches the measured 
properties, 

13. A device as claimed in claim 12, wherein the calculating means 
comprise a neural network, trained on experimental data, for determining expected 
quantities relating to the dielectric properties of the flow corresponding to the 
permutations of flow constituents. 

14. A method of determining dielectric properties of an electrically 
conductive fluid comprising the steps of disposing the fluid material in or passing 
the fluid through an apparatus in accordance with claim 1 , emitting electromagnetic 
radiation into the resonant cavity by means of the antenna which is electrically 
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isolated from the flxxid and detecting and analysing the resultant electromagnetic 
radiation within the resonant cavity. 

15. A method as claimed in claim 14, comprising varying the frequency 
of the emitted electromagnetic radiation and obtaining an indication of the 
amplitude of the resultant electromagnetic radiation within the resonant cavity. 
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Drawings, sheets: 
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□ the language of a translation furnished for the purposes of the international search (under Rule 23.1 (b)). 

□ the language of publication of the international application (under Rule 48.3(b)). 

□ the language of a translation furnished for the purposes of international preliminary examination (under Rule 
55.2 and/or 55.3). 

3. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the 
international preliminary examination was carried out on the basis of the sequence listing: 

□ contained in the international application in written form. 

□ filed together with the international application in computer readable form. 

□ furnished subsequently to this Authority in written form. 

□ furnished subsequently to this Authority in computer readable form. 

□ The statement that the subsequently furnished written sequence listing does not go beyond the disclosure in 
the international application as filed has been furnished. 

□ The statement that the information recorded in computer readable form is identical to the written sequence 
listing has been furnished. 
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5. □ This report has been established as if (some of) the amendments had not been made, since they have been 

considered to go beyond the disclosure as filed (Rule 70.2(c)): 

(Any replacement sheet containing such amendments must be referred to under item 1 and annexed to this 
report.) 



6. Additional observations, if necessary: 



V. Reasoned statement under Article 35(2) with regard to novelty, inventive step or industrial applicability; 
citations and explanations supporting such statement 

1. Statement 

Novelty (N) Yes: Claims 1-15 

No: Claims 

Inventive step (IS) Yes: Claims 1-15 

No: Claims 

Industrial applicability (lA) Yes: Claims 1-15 

No: Claims 



2. Citations and explanations 
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VII. Certain defects in the international application 

The following defects in the form or contents of the international application have been noted: 
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Re Item V 

Reasoned statement under Article 35(2) with regard to novelty, Inventive step or 
industrial applicability; citations and explanations supporting such statement 

1 . Apparatus claims 1-13 

1a. Independent claim 1 

Document 

D1: EP-A-0 511 651 (IVAC CORP) 4 November 1992 (1992-1 1-04) 
is regarded as being the closest prior art to the subject-matter of claim 1 . Using 
the terminology of claim 1 , it discloses an apparatus for determining dielectric 
properties of an electrically conductive fluid (cf. column 2, lines 55-58; column 1 1 , 
lines 30-38; figure 1 1 , curve 114) comprising 

an electromagnetically resonant cavity defined by an electrically conductive 
boundary wall (cf. column 4, lines 46-48); 

a fluid line for passing fluid through the cavity (cf, column 4, lines 54-56); 

said cavity boundary being electrically isolated from the fluid (fluid line 
consisting of polyurethane tubing, cf. column 12, lines 13-15, and air gap between 
the cavity boundary and the tubing, cf. figure 1); 

an emitter antenna and associated drive electronics for emitting 
electromagnetic radiation to the cavity, the emitter antenna being electrically 
isolated from the fluid (cf. column 5, lines 25-26; column 12, lines 13-15; air gap 
between antenna and tubing, figure 1); 

means for detecting resultant electromagnetic radiation within the cavity (cf. 
column 5, lines 26-29). 

The device according to claim 1 differs from this disclosure in that 

an electrically insulating layer is disposed on the electrically conductive 

boundary wall defining the interior wall of the resonant cavity; 

an inlet is provided for introducing the fluid into the interior of the cavity. 

Thus, in the device according to claim 1 the fluid completely fills the interior of the 
resonant cavity such that the dielectric loading of the cavity is entirely due to the 
fluid contained therein, whereas in D1 the fluid is confined to a fluid line passing 
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through the cavity. 

The problem to be solved by the device according to claim 1 may therefore be 
seen in providing a resonant cavity sensor with increased sensitivity. 

The particular solution proposed in claim 1 is neither anticipated nor fairly 
suggested by the available prior art. The subject-matter of claim 1 therefore meets 
the requirements of the PCT with respect to novelty and inventive step (Articles 
33(2) and (3)). 

1 b. Dependent claims 2-1 3 

Claims 2-13 are dependent on claim 1 and as such also meet the requirements of 
the PCT with respect to novelty and inventive step. 

2. Method claims 14 and 15 

Method claims 14 and 15 are directed to the use of the device according to claim 
1 for determining dielectric properties of an electrically conductive fluid and as 
such are also considered to meet the requirements of the PCT with respect to 
novelty and inventive step. 

Re Item VII 

Certain defects in the international application 

The features of the claims are not provided with reference signs placed in parentheses 
(Rule 6.2(b) PCT). 

Re Item VIII 

Certain observations on the international application 

All features of claim 5 are already contained in claim 1 . The claims therefore lack 
conciseness (Article 6 PCT). 
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the cavity were largely fixed as a function of the (fixed) frequency used. 

Coupling of the microwave radiation into the cavity was achieved by an 
aerial, necessarily very large, which was itself exposed to the contents of the cavity 
- ie. to the flow. 

The device unfortunately proved unsatisfactory due to factors including the 
size and expense of the magnetron used and its fixed frequency. 

Despite these problems, it is recognised that measurement of the properties 
of the flow with regard to electromagnetic radiation is desirable since the properties 
of the three major constituents of the flow with regard to EM radiation are widely 
divergent, and hence easy to distinguish. This can be appreciated from the fact that 
the relative permittivity of the three constituents is approximately as follows: 

i. gas, er = 1; 

ii. crude oil, er = 2.2 (and this proves to be largely constant for all crude 
oils, despite variations in its component fractions); 

iii. water, er = 81. 

The inventors have realised, and confirmed by experiment, that contrary to 
the hitherto conventional teaching, it is possible to efficiently couple radio and 
microwave radiation into a conductive medium within a resonant cavity provided 
that the cavity walls and the antenna used to output the radiation are electrically 
isolated from the medium itself. 

In accordance with a first aspect of the present invention, there is an 
apparatus for determining dielectric properties of an electrically conductive fluid. 
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comprising an electromagnetically resonant cavity defined by an electrically 
conductive boundary; an inlet through which the fluid can be introduced into the 
cavity; an insulating layer whereby the cavity boundary is electrically isolated from 
fluid material within the cavity; an emitter antenna and associated drive electronics 
for emitting electromagnetic radiation to the cavity, the emitter antenna bemg 
electricaUy isolated from fluid material within the cavity; and means for detecting 
resultant electromagnetic radiation within the cavity. 

Experiments carried out by the inventors have confirmed that using such an 
arrangement measurements of dielectric properties can be made without the need 
for the high power provided by a magnetron. The arrangement can serve as a 
dielectric permittivity sensor. Dielectric properties at a radio and microwave 
firequencies can be measured. In prototype arrangements, a sunple loop aerial 
driven by an electronic oscillator has proved adequate by virtue of the efficient 
propagation of radiation through the fluid material made possible by the 
arrangenient. As compared with the previous magnetron apparattis. this makes 
possible great simplification and cost saving, as weU as other benefits which will 
become clear below. 

The fluid in question may contain some solids, as typically does a flow of 
material in an oil extraction pipeline. 

With regard to the frequency of radiation emitted into the cavity, it is 
considered that the present invention is particularly applicable to radio and 
microwave firequencies. The frequency range used is in part determined by the 
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In a preferred embodiment, the calculating means operates by calculating 
for a set of possible permutations of flow constituents the expected values of the 
measured properties and comparing these with the actual measured values to 
determine which permutation best matches the measured properties. 

The calculating means may con^)rise a neural network, trained on 
experimental data, for determining expected quantities relating to the dielectric 
properties of the flow corresponding to the permutations of flow constituents. The 
quantities in question may be the frequencies of a selected resonant mode of the 
cavity. 

In accordance vath a third aspect of the present invention, there is a method 
of determining dielectric properties of an electrically conductive fluid comprising 
the steps of disposing the fluid material in or passing the fluid through an 
electromagnetically resonant cavity defined by an electrically conductive boundary 
which is electrically isolated from the fluid by an insulating layer, emitting 
electromagnetic radiation into the resonant cavity by means of an antenna which 
is electrically isolated from the fluid and detecting and analysing the resultant 
electromagnetic radiation within the resonant cavity. 

Preferably, the method comprises varying the frequency of the emitted 
electromagnetic radiation and obtaining an indication of the amplitude of the 
resultant electromagnetic radiation within the resonant cavity. The frequency 
variation may be continuous. The results are preferably analysed to determine the 
position of at least one resonance peak within the cavity. 
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C LA I M S 

1 . An apparatus for determining dielectric properties of an electrically 
conductive fluid, comprising an electromagnetically resonant cavity defined by an 
electrically conductive boundary; an inlet through which the fluid can be introduced 
into the cavity; an insulating layer whereby the cavity boundary is electrically 
isolated from fluid material within the cavity; an emitter antenna and associated 
drive electronics for emitting electromagnetic radiation to the cavity, the emitter 
antenna being electrically isolated from fluid material within the cavity; and means 
for detecting resultant electromagnetic radiation within the cavity. 

2. An apparatus as claimed in claim 1 wherein the drive electronics are 
adapted to operate at a range of frequencies such that a range of frequencies of 
electromagnetic radiation can be emitted to the cavity. 

3. An apparatus as claimed in claim 2, wherein the frequency is 
continuously variable. 

4. An apparatus as claimed in any preceding claim, wherein the antenna 
for emitting electromagnetic radiation into the fluid material is disposed within the 
resonant cavity such as to project into the fluid material, the antenna being 
provided with an insulating layer by which is it electrically isolated from the fluid 
material 

5. An apparatus as claimed in any preceding claim, wherein the boundary 
of the resonant cavity comprises a conductive wall whose inner surface is covered 
by an internal insulating layer by which the wall is electrically isolated from the 
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fluid material within the cavity. 

6. An apparatus as claimed in any preceding claim wherein the resonant 
cavity has an inlet and an outlet such that the fluid material can flow through the 
cavity. 

7. An apparatus as claimed in any preceding claim wherein the means for 
detecting electromagnetic radiation within the cavity comprise a receiver antenna 
disposed within the resonant cavity and electrically isolated from the fluid material 
within the cavity. 

8. An apparatus as claimed in any of claims 1 to 6 wherein the means for 
detecting electromagnetic energy within the cavity comprise electronics connected 
to the emitter antenna for measuring the voltage standing wave ratio. 

9. A device for monitoring constiments of a fluid flow comprising an 
apparatus as claimed in any preceding claim. 

10. A device as claimed in claim 9, further comprising measurement 
electronics for determining the frequency of a resonance peak corresponding to a 
selected resonant mode within the cavity. 

11. A device as claimed in claim 9 or claim 10, further comprising means 
for measuring additional properties of the fluid flow and calculating means for 
determining, on the basis of the measured properties, the proportions of certain 
constituents of the flow. 

12. A device as claimed in claim 11, wherein the calculating means 
operates by calculating for a set of possible permutations of flow constituents the 
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expected values of the measured properties and comparing these with the actual 
measured values to determine which permutation best matches the measured 
properties. 

13. A device as claimed in claim 12, wherein the calculating means 
comprise a neural network, trained on experimental data, for determining expected 
quantities relating to the dielectric properties of the flow corresponding to the 
permutations of flow constituents. 

14. A method of determining dielectric properties of an electrically 
conductive fluid comprising the steps of disposing the fluid material in or passing 
the fluid through an electromagnetically resonant cavity defined by an electrically 
conductive boundary which is electrically isolated fi-om the fluid by an insulating 
layer, emitting electromagnetic radiation into the resonant cavity by means of an 
antenna which is electrically isolated from the fluid and detecting and analysing the 
resultant electromagnetic radiation within the resonant cavity. 

15. A method as claimed in claim 14, comprising varying the frequency 
of the emitted electromagnetic radiation and obtaining an indication of the 
amplimde of the resultant electromagnetic radiation within the resonant cavity. 
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and an electrically insulating layer on those parts of the electrically conductive boundary 
wall defining the interior wall of the cavity, there being an inlet through which fluid can be 
introduced into the interior of the cavity. In contrast, in Dl, the fluid is confined to the 
fluid line/pipe and does not effectively fill the cavity itself. 
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ASA of Stravanger, Norway. 
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electromagnetic radiation in die cavity. The apparatus may be used in multi-phase metering. 



FOR THE PURPOSES OF INFORMATION ONLY 
Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



AL 

AM 

AT 

AU 

AZ 

BA 

BB 

BE 

BF 

BG 

BJ 

BR 

BY 

CA 

CF 

CC 

CH 

a 

CM 
CN 

cu 
cz 

DB 
DK 
EE 



Albania 

Annenia 

Afistria 

Austmlta 

Azerfaaijas 

Bosnia and Herzegovina 

Barbados 

Belgium 

Buittna Paso 

Bulgaria 

Benin 

Brazil 

Belarus 

Canada 

Centra) African Republic 

Congo 

Switzerland 

COte d'lvoire 

Cameroon 

China 

Cuba 

Czech Republic 
Germany 
Dcnmaii 
Estonia 



ES 
Ft 

m 

GA 

GB 

GE 

GH 

GN 

GR 

HU 

IE 

IL 

IS 

IT 

JP 

K£ 

KG 

KP 

KR 
KZ 
LC 
LI 

LR 



Spain 
. Finland 
Trance 
G9b0P 

United Kmgdom 

Georgia 

GJnina 

Guinea 

Greece 

Hungary 

Ireland 

Israel 

Icelar)d 

Italy 

Japan 

Kenya 

Kyrgyzstan 

Denuxralic I^eople*s 

Republic of Korea 

Republic of Korea 

Kazakstan 

Saint Luda 

UeclMcnstein 

$ri Lanlta 

Liberia 



ts 

LT 
LU 
LV 
MC 
MD 
MG 
MK 

ML 
MN 
MR 
MW 
MX 

NL 
NO 
NZ 
PL 
PT 
RO 
RU 
SD 
SE 
SG 



Lithnania 
Luxembourg 
Latvia 
^^maoo 

RepobUc of Moldova 

Madagascar 

The former Yugoslav 

Republic of Macedonia 

Mali 

Mongdia 

Mauritania 

MfOowi 

Mexico 

Niger 

Kedicrtands 

Norway 

New Zealand 

Poland 

Portugal 

Romania 

Russian Fedenuion 
Sudan 
Sweden 
Singapore 



SI 


Slovenia 


SK 


Slovakia 


SN 


Senegal 


sz 


Swaziland 


TD 


Chad 


TG 


Togo 


TJ 


Tajikistan 


TM 


Tkufancnistan 


TR 


Turkey 


XT 


Ttinidad and Tobago 


UA 


Ukraine 


UG 


Uganda 


US 


United States of America 


uz 


Uzbekistan 


VN 


Viet Nam 


YV 


Yugoslavia 


ZW 


Zimbabwe 



wo 00/43759 



PCT/GBOO/00168 - 



DEsrRTPrrn^r 

APPARATUS AND METHOn FOP nTrn RRMTNTNG DTFT FrTRTr 
PROPERTIES OF AN ET^FrTPTP ALLY mMDTTCnVE FTITTn 

The present invention is concetned, in its broadest aspect, with an ^paratus 
for and method of detemuning dielectric properties of an electrically conductive 
fluid. The invention is applicable in particular to the monitoring of multi-phase 
flows such as are found in oil pipelines. 

The flow of material firom an oil well typically contains not only crude oil 
but also odier constituents, gas and water generally being the most significant of 
these. Other constituents such as sediment and algae are ^ically present in 
relatively small quantities. It is often necessary to monitor the relative pro p o rtions 
of the major constituents of the flow. One reason for thiR is to judge whioi a given 
well is becoming exhausted, signalled by a decline in the proportion of oil. 

The traditional technique for tiiis monitoring has involved sq)aration of a 
sample of the material into its constiments, allowing straightforward single phase 
monitoring techniques to be used. While efiBxtive, processing systems based on 
this technique are somewhat inflexible in terms of their capability to handle 
fluctuating flow rates, varying water content and changes in die physical properties 
of the constituent fluids. 

The technique also involves an undesirable time lag between extraction of 
the material at the well head and assessment of its constituents, not least because 
the assessment has to be made after separation of the materials on the rig itself - 
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ie. a considerable distance downstream of the well head. 

For these reasons numerous projects have been undertaken to develop 
systems capable of real time multi*phase meteriqg (MPM) - ie, real time 
measurement of the constituents of a sample (more specifically a flow) containing 
two or more constituents. The aim of such projects has been to arrive at a system 
enable of monitoring the proportions of oil, gas and water in an extraction 
pipeline. Such systems are now commercially available, but ar^ not yet wholly 
satisfactory. 

Such systems operate by monitoring bulk prop^es of the flow (wittioiit 
sq>arating it into it$ constituent parts) and inferring ftom these the proportions of 
the major constitu^iits of the flow - in the practical case of oil extraction, the major 
constituents a^e oQ, gas and water. 

To enable such inferences to be made, more than one property of the flow 
is monitored- Known systems typically measure tiie density of the flow material; 
its effect in attenuating gamma rays, and one other flow property such as its 
capacitance. 

In tests, most existing systems prove to be capable of accurately measuring 
two phases - fluid and gas - but fail to aciueve the desired accuracy in relation to 
flows having high water or low gas contem when measuring three phase flows - 
oil, gas and water. 

It is one of the objects of the present invention to make possible improved 
monitoring of three phase flows. 
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It is considered that in order to improve the accuracy of MPM devices it is 
important to monitor a third bulk property of the flow (aside from density and 
gamma ray attenuation) and that as yet no appropriate technique has been proposed 
for accurately monitoring an ^propriate property. 

The reason for the need for a third property measurement may be simply 
stated. It is necessary in a three phase flow to establish three unJmown quantities 
the proportions of the three constituents (eg. oU. gas and water). To this end, three 
simultaneous equations, one contributed by each monitored property, are required. 

There has been at least one project which attempted to monitor, as the 
necessary third property, the effect of the flow on the propagation of 
electromagnetic radiation through it. This project faced an inqiortant pix>blem. 
Hows emerging from an oil weU head are electrically conductive due. among other 
factors, tp their inchision of salt water. Conventional technical teaching, based on 
the application of Maxwell's equations.' is that electromagnetic radiation of 
wavelengths cannot be efficiently propagated tiuough a conductive medmm 

The solution adopted by the previous project was to use high power 
electromagnetic radiation. To provide this power it was necessary to use a 
magnetron, which operated at a power of the order of 1 Kilowatt, and at a 
frequency of 2.46 GHz. Due to the use of a magnetron to supply this radiation, 
its frequency was non-adjustable. TTie radiation was input to a resonant cavity, 
through which tiie flow was passed. The cavity walls were conductive and were 
exposed to the flow itself. Due to the resonance requirement, the dimensions of 
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the cavity were largely fixed as a function of the (fixed) frequency used. 

Coupling of the microwave radiation into the cavity was achieved by an 
aerial, necessarily very large, which was itself exposed to the contents of the cavity 
- ie, to the flow. 

The device unfortuqately proved xinsatisfactory due to factors includmg tiie 
size aiKi expense of the magnetron used and its fixed frequency. 

Despite these probl^ns, it is recognised ftat measurement of the properties 
of the flow with regard to electromagnetic radiation is desirable since the properties 
of the three mjor constituents of the flow with regard to EM radiation are widely 
divergent, and hence easy to distinguish. This can be qipreciated fix)m the feet that 
the relative permittivity of the three constituents is j^proximately as follows: 

i. gas, er 5P 1; 

ii. crude oil, ^ 2,2 tius proves to be largely constant for all crude 
oils, despite variations m its cpn:q)Qnent fractions); 

iii. water, er =?? 81. 

The inventors have realised, and confirmed by experiment, tiiat contrary to 
the hitherto conventional teaching, it is possible to efficiendy couple radio and 
microwave radiation intp a conductive medium within a resonant cavity provided 
that the cavity walls and the antenna used to output the radiation are electrically 
isolated from the medium itself. 

In accordance with a first aspect of the present invention, there is an 
Vpwcus for determining dielectric properties of aa electrically conductive fluid, 
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CQmprising an electromagnfiticaUy resonant cavity defined by an electricaUy 
conductive boundary; an inlet through which the fluid can be introduced into the 
cavity; an insulating layer whereby the cavity boundary is electrically isolated ftom 
fluid material within the cavi^ ; an emitter antama and associated drive electronics 
for emitting electromagnetic radiation to the cavity, the emitter antenna being 
electricaUy isolated from fluid material withm the cavity; and means for detecting 
resultant electromagnetic radiation within the cavity. 

Experiments carried out by the inventors have confirmed that using such an 
arrangement measurements of dielectric properties can be made without the need 
for the Ivgb power provided by a magnetron. The arrangement can serve as a 
dielectric permittivity sensor. Dielectric properties at a radio and microwave 
frequencies can be measured. In prototype amngements. a simple loop aerial 
driven by an electronic oscillator has proved adequate by virttie of the efficient 
propagation of radiation through the fluid material made possible by the 
arrangenaent. As compared with the previous magnetron apparams, this makes 
possftle great simplification and cost saving, as weU as oflier benefits which will 
become clear below. 

The fluid in question may contain some solids, as typically does a flow of 
material in an oil extraction pipeline. 

With regard to the frequency of radiation emitted into the cavity, it is 
considered that die present invention is particularly applicable to radio and 
microwave frequencies. The frequency range used is in part determined by the 
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resonance requirement and hence the cavity dimensions. It is currently beUeved 
potentiaUy worthwhUe to measure the response to frequencies of the order of 10 
MHztolOGHz. Researdi to date has usefully concentrated on the narrower range 
from approximately lOOMHz to ^proximately 5GHz. 

It is particularly prefened that the drive electronics are adapted to operate 
at a range of frequencies such that a range of frequencies of electromagnetic 
radiation can be emitted to the cavity. Preferably, the frequency is continuously 
variable. 

This can be conveniently achieved in apparatus according to the present 
invention since the radiation does not need to be at the high power provided by the 
magnetron of the previous system. 

In prototype arrangements embodying the presem invention, a spectrum 
analyser has been used to drive a loop aerial at a continuously variable frequency. 
In this way. it becomes possible to measure the properties of the cavity and the 
material it contains throughout a chosen region of the electromagnetic spectrum. 

The antenna for emitting electromagnetic radiation into the fluid material 
is preferably disposed within the resonant cavity such as to project into the fluid 
m aterial. the antenna being provided with an insulating Uyer by which it is 
electrically isolated from the fluid material. 

Such an arrangement provides for efficient coupling of the electtomagnetic 
radiation into the fluid material. 

The conductive boundary of the resonant cavity may comprise a conductive 
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waU whose nmer surfijce is covered by an internal insulating layer by which the 
waU is eletOTcaUy isolated fiom the fluid material within the ra^^^ The insulating 
layer naay be a low loss dielectric. Ceramic can be used. 

It is patticalariy preferred that the resonant cavity has an inlet and an outlet 
such that the fluid material can flow through the cavity. This makes it possible to 
monitor, continuously if required, the properties of a fluid flow. 

In a currently prefeiied embodiment of the present mvention. the means for 
detecting electromagnetic radiation withm the cavity comprise a receiver antenna 
disposed within the resonant cavity and electricaUy isolated from the fluid material 
within flw cavity. 

Alternatively or additionally, the means for detecting electromagnetic 
radiation withm the cavity may comprise electronics connected to the emitter 
antenna for measuring the voltage standing wave ratio. The efiect is to provide an 
indication of the reflected power at die emitter antenna. 

In accordance witii a second aspect of the present invention, tiiere is 
provided a device for monitoring the constituents of a fluid flow, the device 

comprising an apparams acconiing to the first embodiment of die present invention. 
Of particular importance is the case where the device is adapted for monitoring the 
constituents of a flow of material in an oil pipeline. Multi-phase metering can be 
carried out by such a device. 

In such an embodiment, the resonant cavhy may be formed by a portion of 
the pipeline. Preferably, the electricaUy conductive boundary defining the resonant 
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cavity comprises a conductive circumferential wall around the inside or outside of 
the pipeline. The boundaiy may additionally comprise conductive end walls 
disposed across the pipeline to functionally enclose the resonant cavity. It is not 
considered essential that these end walls be continuous - they may for example be 
formed by open wire grid or mesh, serving to form a functionaUy enclosed 
resonant electrical cavity while permitting flow of material through the pipeline. 
Alternatively, the cavity may be open ended. It is found that circular resonance 
modes persist even when the cavity is not enclosed. 

The device may for ewimple be instaUed in a pipeline close to the point of 
extraction, serving to monitor in real time the properties of the material bemg 
extracted. 

It is particulariy preferred that the device comprises measurement 
electronics for determining the frequency of a resonance peak corresponding to a 
selected resonant mode withm the cavity. 

As will be explained below, it ha? been found that the frequency of such a 
resonance peak i« shifted according to the proportions of different materials in the fluid 
flow, and th« the frequency provides information which can be used in determining, or 
at least estimating, the proportions of different materials in the flow. 

The device preferably comprises meaqs for measuring additional properties 
of the fluid flow and calculating means for determining, on the basis of the 
measured properties, the proportions of certain constituents of the flow. The 
additional properties measured may con^rise absorbtion of gamma ray radiation 
and density. 
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la a pTeferred embodiment, the calculatmg means operates by calculating 
for a set of possible permutations of flow constituents tiie expected values of the 
oaeasured properties and comparing these with the actual measured values to 
determiiw which permutation best matches the measured properties. 

The calculating noeans may conq>rise a neural network, trained on 
experimental data, for determiniiig expected quantities relating to the dielectric 
properties of the flow corresponding to the permutations of flow constituents. The 
quantities in question may be the ftequencies of a selected resonant mode of the 
cavity. 

accOTdance witti a third aspect of the present invention, there is a method 
of determining dielectric properties of an electrfcaUy conductive fluid con^rising 
the steps of disposing the fluid material in or passing the fluid through an 
electromagnetically resonant cavity defined by an electrically conductive boundary 
which is electrically isolated from the fhiid by an insulating layer, emittmg 
electromagnetic radiation into flie resonant cavity by means of an antenna which 
is electricaUy isolated from Uie fluid and detecting and analysing the resultant 
electromagnetic radiation within the resonant cavity. 

Preferably, (he method comprises varying the frequency of tiie emitted 
electromagnetic radiation and obtaining an indication of the aihpUtude of tiie 
resultant electromagnetic radiation witiiin the resonant cavity! The frequency 
variation may be continuous. The results are preferably analysed to determine the 
position of at least one resonance peak within the cavity. 
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Detection of electromagnetic radiation within the resonant cavity may, in 
a preferred wbodiment of the method according to the present invention, be by 
means of a receiver antenna itself electrically isolated from the fluid material. 
Alternatively or additionaUy it may be by analysis of the voltage standing wave 
r^tio in the emitter anteima. 

In a particularly preferred version of the method according to the present 
invention, the detennined dielectric properties are utUised to monitor the 
constituents of a fluid flow passed through the resonant cavity. 

Preferably such a method comprises additionally monitoring further 
properties of ttie fluid flow. Gamma ray radiation absorbtion and density are 
suitable properties. 

The method preferably con:q)rises calculating for a set of possible 
prqwitions of flow constituents the expected values of the measured properties and 
comparing these with the measured values to determine which best matches the 
measured properties. 

Specific embodiinents of the presem invention will now be described, by 
way of exan^le only, with reference to the acconqianying drawings, in which:- 

Figure 1 1$ a longitudinal section through a prototype resonant cavity 
apparatus embodying the present invention; 

Figure 2 is a graph showing the amplitude (measured in millivolts) of a 
signal detected by an aerial within the cavity against the frequency (measured in 
megahertz) of a microwave signal input to the cavity, in the case where the cavity 
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is filled with gas; 

Figure 3 corresponds to Figure 2 but represents the case where the cavity 
is filled with oil; 

Figure 4 corresponds to Figure 2 but represents the case where the cavity 
is filled widi water; 

Figure 5 is a graph having the same axes as Figure 2 (albeit with different 
ranges) on which signal ampUtudes corresponding to cavities fiUed with gas, oil 
and water are juxtaposed; 

Figure 6 is a table of observed fundamental resonance frequencies of the 
cavity corresponding to a range of cavity contents; 

Figure 7 is a graph of the results for oil/gas mixtures tabulated in Figure 
6 showing resonant frequency in MHz on the vertical axis against, on the 
horizontal axis, the percentage of oil (the upper row of figures along tills axis) and 
the percentage of gas (the lower row of figures on this axis); 

Figure 8 corresponds to Figure 7 except that the results shown are for 
water/gas mixtures, the percentage of water being indicated by the \^>per row of 
figures on the horizontal axis and the percentage of gas being indicated by the 
lower row of figures; 

Figure 9 corresponds to Figure 7 except that the results shown are for 
water/oil mixtures, the percentage of water being mdicated by the upper row of 
figures along the horizontal axis and the percentage of oU being indicated by the 
lower row of figures; 
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Figure 10 corresponds to Figure 7 except that the results shown are for a 
range of admixtures of gas with an equal volumetric mixnue of oil and water, the 
percentage of gas being indicated by the nppcr row of figures along the horizontal 
axis and the percentage of oil/water being mdicated by the lower row of figures; 

Figure 11 is a graph showing four plots of detected signal amplitude 
variation witii ftequency for a mixture of water aod air whose relative volumetric 
proportions were fixed throughout, each plot corresponding to a difiBerent rate of 
flow of the mixture through the apparatus; 

Figure 12 is a gn^h showing how the detected signal amplitude (in volts 
on the vertical axis) is altered by an admixture of sand within the cavity over a 
r^e of firequenqies; 

Figure 13 iUxistrates elements of a neural network for use in an embodiineiit 
of the present invention; 

Figure 14 shows the inputs to, and outputs from, the neural network dtiring 
its traiiung; 

Figure 15 is a bjodc diagram of a system utilising the neural network to 
infer the proportions of the constituents of a flow tiutnigh the microwave cavity; 

Figure 16 is a longitudinal section through a resonant cavity apparatus 
embody iiig the present invention for use in an oil pipeline; 

Figure 17 is a graph of voltage standing wave ratio (VSWR) against 
firequericy (MH2)at the transmitter ?uuenna of an apparatus embodying the present 
invention for cavities filled with oil, gas and water, values for oil being indicated 
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by a solid triangle, values for water being indicated by a solid square and values 
for gas beiug indicated by a phantom triangle; and 

Figure 18 is a graph of frequency (hi Mhz on the horizontal axis) against 
phase shift (in degrees on the vertical axis). 

The prototype apparanis illustrated ia Fig. 1 has been used for proving the 
feasibility of the present invention. The q[)paratus conq)rises a cylindrical 
microwave cavity defined by copper side and end walls, 2, 4 and having an axial 
inlet 6 and outlet 8 by means of which flow material can be passed through the 
cavity. The cavity had, in dds prototype device, a length of 158mm and a 
diameter of 189ami. There is however scope for variation of the shape and 
dimensions of tihe cavity. In the cxperinKntal arrangement illustrated, a punqi (not 
seen) is used to circulate the test medium and so provide a flow. 

Within the cavity is a first loop aerial 10 serving as a microwave transmitter 
and a second loop aerial 12 serving as a microwave receiver. 

An inq)OTtant feature of the apparatus is an electrical insulation layer 14 
provided on the interior of tiie cavity walls to electrically isolate the cavity walls 
from the cavity's interior. Further insulation layers 16, 18 are provided on the 
transmitt^ aeri^ 10 and the receiver aerial 12, which are thereby also electrically 
isolated from the interior of the cavity. 

Experiments carri^ out using the prototype apparatus have confirmed that 
by virtue of the electrical isolation of the cavity and aerials from the cavity 
contents, it becomes possible to efficiently couple electromagnetic radiation into 
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the medium and to detect the radiation, even where the power of the emitted 
radiation is low. In the prototype j^pparatus, both aerials are comiected to a 
spectrum analyzer used both to drive the transmitter aerial 10 at a range of test 
frequoicies and to detect and store the corresponding signal amplh^ides detected by 
the receiver awial 12. In this way, it is possible to measure and plot die full 
microwave spectrum of the cavity. 

Rgs. 2, 3 and 4 are the observed spectra for cavities filled with gas, oil and 
water respectively (established during prelinunary testing of the apparatus) and 
show clear peaks corresponding to resonant modes of oscillation of the microwaves 
within the cavity. 

The nuCTQW^ve cavity has been theoretically modelled using solutions to 
Maxwell's equations to clearly identify tibe modes of the resonances set up in the 
cavity. Each mode is either TE„^ or TM^ v^rtieie m represe^ 
variations in the field pattern, n represents the radial variations of the field pattern 
and I represents the let^ variations of the field patteriL Some of the identified 
modes obtained by matching up the theory to the experimental measurements are 
mariced on Fig. 2, 

There is preferential excitation of the TE modes under the illustrated 
experimental arrangement. 

Comparing the spectrum for an oil filled cavity (Fig. 3) with that of a gas 
filled cavity (Fig. 2) it is found that there is an observable shift in the resonance 
peaks of approximately 400MHz, the resonant ft-equencies being lower when oil 
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is present This is due to the higher dielectric constant of oU (2.2) compared with 
gas (1.0) . 

When the cavity is fiUed with water, an extreme shift of resonant 
fitequencies occurs due to the high dielectric constant of water (approximately 80). 

The effect of the cavity contents on the positions of the resonance peaks is 
iUustrated most clearly in Fig. 5, on which the three curves are superimposed, the 
left-most curve corresponding to a water filled cavity, the centre curve 
corresponding to an oil filled cavity and the right^nost curve coiresponding to a 
gas filled cavity. On each curve, the label R denotes the cavity's fundamental 
resonant mode. Its frequency shift is clearly ^iparenL 

Figs. 2 to 5 concern the sinq)le cases m v/bicii only one material is present 
within the cavity. The inv«»0rs have however studied dw more conqiUcated case 
of a mixed flow, and in particular measured the effect of a range of mixed flows 
on the frequency of the fundamental Oowest frequency) resonant mode within the 
cavity. 

In Fig. 6. the a?)erimentalfy observed frequency of the fimdamental mode 
is tabulated against a range of proportions of gas, water and oU. The trends are 
more easily appreciated with reference to Figs. 7 to 10. which show: 

Fig, 7: the variation of the frequency of the fundamental mode for an 
oil/gas combination; 

Fig. 8: the variation of the frequency of the fundamental mode for a 
water/gas combination; 
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Fig. 9: the variation of the frequency of the fundamental mode for a 
water/oil combination; and 

Fig, 10: the variation of the frequency of the fundamental mode for gas 
with a 50:50 admixture of oil and water. 

The gr^hs are monotonic and give only a single frequency for a given 
mixture, xinder consistent conditions. 

The pattern of flow within the cavity is dependent Mt only on the 
^ composition of the flow but also on odier factors inchiding its speed. In particular, 
the number and size of gas bubbles may be affected. The pattern of gas bubbles 
in an oil p^eline can also, for example, be affected by an ejqjanding gas fraction 
at the well head, tending to generate enlarged gas "slugs". 

It was anticq)aied that varying bubble sizes resulting from varying flow 
rates and other factors would cause a corresponding variation in the form of the 
observed microwave spectrum, but it has emerged from experiments carried out by 
the inventors that die spectrum depends mainly on the volumetric composition of 
the flow and not on the gas bubble size or speed of flow. This is clearly 
advantageous given the goal of assessment of the constituents of a flow whose 
speed and flow pattern may vary. However flow homogenisation can be used to 
remove effects relating to flow pattern. 

The relevant observations are graphed in Fig. 11, on which are shown four 
spectra corresponding to four different rates of flow of a water/gas mixmre (the 
volumetric proportions of which were fixed at 80% water and 20% air) through the 
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prototyp« apparatus, including the base of zero flow - ie. a static mixture. Even 
When the flow is stopped, so that the gas forms a single body above flie liquid, it 
is found that the spectrum is largely unchanged. 

To assess the possible effect of lurfl»er constituents in the flow (in addition 
to oil, gas and water) ejqperiments have been carried out in which a proportion of 
sand is added. The results are graphed in Fig 12, where curve A was obtained 
when the cavity contained only water while curve B was obtained using 95% water 
with 5 % sand. The dielectric constant of sand is approximately 4.5. and the sand 
therefore caused a detectable shift in the first resonance peak. 

Temperanire dqwndence of the resonance peaks has been suidied using a 
cavity filled with water and puncqoed at a constant speed. As the temperature is 
increased it is found that tiw frequency of the first peak increases. The effect is 
caused by a decrease in the . value of the dielectric constant € with increasing 
ten^>erau«e. The velocity of microwaves in water depends on the square root of 
the relative pennittivity as follows. 



C 




The fiequency within the cavity is proportional to the velocity of the 
microwave so that if the cavity resonates at 150MHz at SO'C, the same cavity wiU 
resonate at I6IMH2 at 60"C. 

As an aid to the aytomation of the sensor system the phase relationshq) 
between the input and output signals for the cavity has been investigated. The 
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mpat signal was provided by a Signal Gen^tor (frequency range lOkHz - IGHz) 
and the ouqjut sigmd was recorded on a Signal Analyser (frequency range up to 
lOGHz). The phase delay is found to vary between 0 and -360° and is periodic 
when higher phase delays are present at the higher frequencies. 

Results given in Figure 17 show the periodic structure observed for 
measurenientsinthecavitysystmformixturesof oil and water. The phase shift 
is periodic and represents the resonance structure found within the amplitude 
signals at the receiver. If the resonance is modelled on a fourth order linear 
differential equation *en the resonance should occur when the phase shift is -180" 
between the iiqmt and ouq>ut signals. 

H^e contusion to diis experiment is diat phase may be used to indicate the 
presence of a resonance frequency. This technique is useful to obtain the position 
of the first resonance frequency of the system and therefore provides consistent 
training data for the neural network. When using the sensor system the position 
of the resonance frequency of an unknown mixture can be obtained by recording 
the flrequency when the phase shift is -180**C from the first phase resonance curve. 

The overall effect of all of the abovedescribed e?q)eriments is to confirm 
that the microwave spectrum observed by use of apparatus of the general type 
illustrated in Fig. 1 can provide useful infonnation relevant to the determination 
of the constitution of a multi-phase flow. 

It is of course necessary, in a practical situation, to be able to infer from 
measured data concerning the flow (including the microwave spectrum) the 
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proportions of the flow constituents. In the system described herein, this is 
achieved by mem of a Neural Network. 

The N«iral Networlc of tiie existing system has been inq)lemented using the 
C++ language. The currently preferred one hidden layer Networic is illustrated 
inFjg. 13 and is specified in ternos of iiq)ut, number of modes in the hidden layers 
and ou^uts. The weighting coefficients Wmn and Knp for each mode are 
calculated. 

A two layered backpropagation (MLP) network was used. A logsig 
function was used for each of tbs layers because it constrains the outputs to positive 
valu^ only. The number of hidden layers was chosen aibitrarily at first and then 
modified to decrease traming time/accuracy for the network. It was also decided 
to use a backpropagation network with momentom and adaptive learmng. These 
functions allow the Sum Squared Error to esc^ ftom "local mmima" which occur 
in some of the error surlfoce graphs. 

WiUiout this "monwntum" , the network may become stock in local minhna 
and will not tram to the actual tTii^ iTiipm 

In known manner, the Neural Network is ttained by reference to a body of 
experimental data. The variou? parameters input to the Network NN during 
traming are seen in Fig. 14 and are: percentage of ofl 0, percenuge of water W, 
percentage of gas G, temperature T. water conductivity o, flow pattern FP and 
frequency F. Fluid pressure nnay additionally be calculated and input to the 
Network, since the volume of gas - and hence the microwave properties - are 
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pressure dependent. 

The trained Network is then utilised within a predictive algorithm whose 
functional elements are illustrated in Fig, 15. Because of the high spoed of the 
computer used to implement the algorithm, it is possible to scan all expected 
combinations of oil, gas and water within the flow. The combinations are ijopaU 
as seen toward tiie left of the drawing,, to die Neural Network NN which provides 
a corresponding predicted value f for the ftequency of the cavity's fundamental 
mode of oscillation. 

The combijiations are also iiqmt to functional units Al, A2 which calculate, 
analytically, the corresponding values of the flow density p and the absorbtion of 
gamnm rays, a. 

The resulting derived values for f. a and p are then output to a conq)arator 
C which also receives ttie measured values f„. o„, a„ of tb& same parameters. 

The conq)arator selects the best fit of the derived values for f, a and p to 
the observed values of the same parameters, and on this basis makes a 
determination of the oil, gas and water proportions. 

The ^rrangenient illustrated in Fig. 1 has been used in the laboratory for 
testing purposes. Fig. 16 illustrates schematically an arrangement intended for 
incorporation in an oil extraction pipeline. The cylindrical pipelme wall is seen at 
30, th^ direction of flow being indicated by arrow 32. The resonant 
elecm)magnetic cavity is defined by a conductive liner 34 on the taterior of the 
pipeline wall, die ends of the liner being provided with conductive grids 36 which 
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aUow flow of materid while stm defining the extent of the cavft^^ Amicrowave 
transmitter 38 and a microwave receiver 40 are again provided, and as in the Fig. 
1 embodiment the "walls " of the cavity , the emitter and the receiver are electrically 
msulated fipom the contents of the cavity. 

It is possxTjle to dispense with the grids 36, so that the liner 34 alone defines 
die resonant cavity, in which case certain modes of oscillation are lost but some 
remain and may be measured as before. 

The embodiments of the mvention illustrated m Figs. 1 and 16 utilise a 

recewer separate from the emitter, thereby measuring EM microwave energy u^ 
to the cavity as a function of firequency. 

An altenntive is to observe the reflected power at the transnuttmg anlEnm 
This is observed by measuring the antenna's voltage standing wave ratio (VSWR). 
This has been done ejqierimenlally. A summary of the results taken separately in 
oa. gas and water are given in Fig. 17. At the lower frequencies the VSWR is 
sensitive to the presence of water, at medium frequencies it is sensitive to the 
presence of oil whikt only at high frequencies is the VSWR sensitive to the 

presence of gas. It is beUeved that the VSWR may be used as a rough indicator of 
the mixture composition. 
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CLAIMS 

1. An apparatus for determining dielectric properties of an electrically 
conductive fluid, comprising an electromagnetically resonant cavity defined by an 
electrically conductive boundary; an inlet through which the fluid can be introduced 
into the cavity; an insulating layer whereby the cavity boimdary is electrically 
isolated from fluid material within the cavity; an emitter antenna and associated 
drive electronics for emitting electromagnetic radiation to the cavity, the emitter 
antenna being electrically isolated from fluid material within the cavity; and means 
for detecting resultant electromagnetic radiation within the cavity. 

2. An apparatus as claimed in claim 1 wherein the drive electronics are 
ad^ted to operate at a rwge of frequencies such that a range of frequencies of 
electromagnetic radiation can be emitted to the cavity. 

3. An apparatus as claimed in claim 2, wherein the frequency is 
continuously variable. 

4. An apparatus as claimed in any preceding claim, wherein the anteima 
for emitting electromagnetic radiation into the fluid material is disposed within the 
resonant cavity such as to project into the fluid material, the antenna being 
provided with an insulating layer by which is it electrically isolated from the fluid 
material 

5. An apparatus as claimed in any preceding claim, wherein the boundary 
of the resonant cavity comprises a conductive wall whose inner surface is covered 
by an internal insulating layer by which tiie wall is electrically isolated from the 
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fluid material within the cavity. 

6. An apparatus as claimed in any preceding claim wherein the resonant 
cavity has an inlet and an outlet such that the fluid material can flow through the 
cavity. 

7. An apparatus as claimed in any preceding claim wherein the means for 
detecting electromagnetic radiation within the cavity comprise a receiver antenna 
disposed within the resonant cavity and electrically isolated from the fluid material 
within the cavity. 

8. An apparatus as claimed in any oif claims 1 to 6 wherein the means for 
detecting electromagnetic energy within the cavity comprise electronics connected 
to thp emitter antenna for measuring the voltage standing wave ratio, 

9. A device for monitoring constituents of a fluid flow comprising an 
apparatus as claimed in any preceding claim. 

10. A device as claimed in claim 9, further comprising measurement 
electronics for determining the frequency of a resonance peak corresponding to a 
selected resonant mode within the cavity. 

U , A device as claimed in claim 9 or claim 10, further comprising means 
for measuring additional properties of the fluid flow and calculating means for 
determining, on the basis of the measured properties, the proportions of certain 
constituents of the flow. 

12. A device as claimed in claim 11, wherein the calculating means 
operates by calculating for a set of possible permutations of flow constituents the 
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expected values of the measured properties and comparing these with the actual 
measured values to determine which permutation best matches the measured 
properties. 

13. A device as claimed in claim 12, wherein the calculating means 
comprise a neural network, trained on experimental data, for determining expected 
quantities relating to the dielectric properties of the flow corresponding to the 
permutations of flow constituents. 

14. A method of determining dielectric properties of an electrically 
conductive fluid comprising the steps of disposing the fluid material m or passmg 
the fluid through an electromagn«ically resonant cavity defined by an electrically 
conductive boundary which is electrically isolated from the fluid by an insulating 
layer, emitting electromagnetic radiation into the resonant cavity by ineans of an 
antenna which is electrically isolated from the fluid and detecting and analysing the 
resultant electromagnetic radiation within the resonant cavity. 

15. A method as claimed in claim 14, comprising varying the frequency 
of the emitted electromagneUc radiation and obtaining an indication of the 
amplitude of the resultant electromagnetic radiation within the resonant cavity. 
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